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Conceptual Model of Hydrologic and Thermal Conditions
of the Eastbank Aquifer System near Rocky Reach Dam,

Douglas County, Washington

By Marijke van Heeswijk, Stephen E. Cox, Raegan L. Huffman, and Christopher A. Curran

Abstract

The Lower and Combined Aquifers of the Eastbank
Aquifer system, located in ariver-terrace deposit along the
Columbia River near Rocky Reach Dam, Washington, are
primarily recharged by the Columbia River and provide water
to the Eastbank Hatchery and the regional water system
servicing the cities of Wenatchee, East Wenatchee, and parts
of unincorporated Chelan and Douglas Counties. In 2006,
mean annual pumpage from the aquifers by the hatchery and
regional water system was about 43 and 16 cubic feet per
second, respectively. Reportedly, temperatures of ground water
pumped by the hatchery have been increasing, thereby making
water potentially too warm for salmonid fish production. An
evaluation of hourly ground-water and river temperatures
from January 1991 through August 2007 indicates increasing
interannual trends in temperatures in most of the Lower and
Combined Aquifers from 1999 through 2006 that correspond
to increasing trends in the annual mean and annual maximum
river temperatures during the same period of 0.07 and 0.17°C
per year, respectively. There were no trendsin the annua
minimum river temperatures from 1999 through 2006, and
there were no trends in the annual minimum, mean, and
maximum river temperatures from 1991 through 1998 and
from 1991 through 2007. Increases in river temperatures from
1999 through 2006 are within the natural variability of the
river temperatures.

Most of the Lower and Combined Aquifers reached
thermal equilibrium—defined by constant time lags between
changes in river temperatures and subsequent changesin
ground-water temperatures—during 1991-98. The only
exceptions are the Combined Aquifer north of the well field
of the regional water system, which had not reached thermal
equilibrium by 2006, and the Lower Aquifer west of the
well fields of the hatchery and the regional water system,
which reached thermal equilibrium prior to 1991. Because
most of the Lower and Combined Aquifers were in thermal
equilibrium from 1999 through 2006 and seasona pumpage
patterns were relatively stable, reported trends of increasing
temperatures of water pumped by the hatchery well field

are most likely explained by increasing trends in river
temperatures. Most of the water pumped by the hatchery well
field rechargesin an area west to southwest of the well field
about 2 months prior to the timeit is pumped from the aquifer.
The northern extent of the hatchery well field may pump some
colder water from a bedrock depression to the north and west
of the well field. The conceptual model of hydrologic and
thermal conditionsis supported by analyses of historical water
temperatures, water-level data collected on July 18, 2007, and
dissolved-constituent and bacterial concentrations in samples
collected on August 20-22, 2007.

Introduction

The Eastbank Aquifer system islocated in sedimentary
deposits east of and adjacent to Rocky Reach Dam, which is
arun-of-the-river hydroel ectric dam on the Columbia River
north of Wenatchee and East Wenatchee, Washington (fig. 1).
Construction of the dam began in 1956 and the dam is owned
and operated by Public Utility District No. 1 of Chelan
County (PUD). By the time the dam was put into commercial
operation in 1961, the water level of the Columbia River was
raised from a natural low water level of about 610 ft (Stone
and Webster Engineering Corporation, 1959) to a full-pool
level of 707 ft. Thisrise formed alake called Lake Entiat,
which extends from Rocky Reach Dam upstream to Wells
Dam (fig. 1). The water-level rise of the Columbia River
similarly increased the saturated thickness of the Eastbank
Aquifer system. As part of dam construction, a subsurface
cutoff wall was constructed in the aquifer system (fig. 2) to
minimize seepage around the eastern extent of Rocky Reach
Dam and prevent destabilization of the east bank. This cutoff
wall in effect acts as a“subsurface dam” and helps maintain
elevated ground-water levelsin the Eastbank Aquifer system
to the north of the cutoff wall. The result isthat the drop in
ground-water levels from north to south of the cutoff wall
issimilar to the drop in river water levels from upstream to
downstream of Rocky Reach Dam.



2

Hydrologic and Thermal Conditions of the Easthank Aquifer System near Rocky Reach Dam, Washington

120°25' 120°20' 120°15' 120°10' 120°05' 120° 119°55' 119°50'
T T T T T T T I T
\ 40 \
/ %,
% OKANOGAN CO
ells Dam
K
47° |
55'
47° <l
50'
Creek
3
S
47° 2|
45'
<
>
e
5 %
(3=
) (62 S
& ¢ Entiat
47° =
40 Waterville
|
us
2
o
a7° S%'fe < T
35 7o =
o
7
o
©
=
Rocky
Reach
a7° Dam
30 \
-
&
RIS
(4
79
Wenatchee
47°0 East Wenatchee
5 I\ [l |
‘HH‘HH‘ ‘ ‘ ‘ ‘
0 10- — 15 KILOMETERS
SR
| | 5 I g 1 I

Base from U.S. Geological Survey digital data, 1983, 1:100,000

Universal Transverse Mercator projection, Zone 10
Horizontal Datum: North American Datum of 1927 (NAD 27)

Figure 1.

Location of Eastbank Aquifer system and vicinity, Douglas County, Washington.
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The primary use of the Eastbank Aquifer system
isto supply water for an on-site fish hatchery called the
Eastbank Hatchery (fig. 2), and the regional water system
serving the cities of Wenatchee, East Wenatchee, and parts
of unincorporated Chelan and Douglas Counties. In 2006,
mean annual pumpage from the regional water system was
about 16 ft3/s and mean annual pumpage from the Eastbank
Hatchery was about 43 ft¥/s. The regional water system pumps
water from the RW well field—wells RW1, RW2, RW3, and
RW4 (fig. 2) and serves more than 65,000 peopl e through
about 26,000 connections (M. Cockrum, City of Wenatchee,
written commun., 2008). As the population of the service area
continues to grow, the regional water system may need to
pump more water in the future to serve additional customers.
The hatchery pumps water from the CT well field—wells
CT1, CT2, CT3, and CT4 (fig. 2). The secondary use of the
Eastbank Aquifer system isto supply irrigation water for
Lincoln Rock State Park (LR well field—wells LR1, LR2-E,
and LR2-W; fig. 2), asmall quantity of industrial water to
lubricate turbines of the Rocky Reach Hydroelectric Project
(wells SW13 and SW14 of the SW well field; fig. 2), and
asmall quantity of irrigation water for miscellaneous sites
outside Lincoln Rock State Park (well SW11 of the SW well
field; fig. 2).

The Eastbank Hatchery is owned by the PUD and

operated by the Washington Department of Fish and Wildlife.
The hatchery forms part of the Anadromous Fish Agreement
and Habitat Conservation Plans that allow the PUD to
operate the Rocky Reach and Rock Island Hydroel ectric
Projects under license agreements with the U.S. Federal
Energy Regulatory Commission (FERC). The hatchery helps
compensate for losses of sockeye, spring and summer Chinook
salmon, and summer steelhead (Public Utility District No. 1 of
Chelan County, 2007a). Successful operation of the hatchery
relies on access to relatively cool ground water, preferably
not exceeding 13°C (lan Adams, Public Utility District No. 1
of Chelan County, written commun., 2008). Ground-water
temperatures are reported to have increased in recent years.
If these increases continue, the PUD would either need a
different approach for supplying appropriate water to the
hatchery or aternative solutions for meeting its hatchery
obligations.

To help understand why the ground-water temperatures
may have been increasing and to determine the data needs for
possible future evaluations of aquifer-system management
alternatives that maintain sufficiently cool ground water for
the successful production of fish in the Eastbank Hatchery,
the PUD requested that the U.S. Geological Survey (USGS)
conduct a study of the Eastbank Aquifer system. The objective
of this study isto improve the understanding of the hydrologic
and thermal conditions of the Eastbank Aquifer system and the
processes that affect those conditions. The objective was met
by evaluating available hydrologic, water-temperature, and
related information, identifying data gaps, collecting new data,
and developing an updated data-collection program.

Purpose and Scope

This report documents the devel opment of a conceptual
model of hydrologic and thermal conditions of the Eastbank
Aquifer system near Rocky Reach Dam, Douglas County,
Washington, and the need for additional data and analysesto
improve the understanding of the Eastbank Aquifer system.
Information used to develop the conceptual model includes
reports that document the design and construction of the
subsurface cutoff wall east of Rocky Reach Dam (Stone
and Webster Engineering Corporation, 1959), analyses of
the hydrology and hydrogeology of the Eastbank Aquifer
system (CH2M Hill, 1977 and 1988; Water & Environmental
Systems Technology, Inc., 1990), vertical temperature
profiles of the ground-water system (Water & Environmental
Systems Technology, Inc., 1990), and numerical models of the
Eastbank Aquifer system that simulate hydrologic and thermal
conditions starting in 1989-90 (Water & Environmental
Systems Technology, Inc., 1990 and 1998). Additional
information evaluated include hourly river and aquifer water
levels and water temperatures collected by the PUD in a
monitoring network since 1990, miscellaneous data from PUD
files, historical ground-water pumpage from wells supplying
the regional water system and Eastbank Hatchery, and
water-level, water-temperature, and other water-quality data
collected during 2007-08 as part of this study.

Description of Study Area

The study areaislocated in Douglas County, Washington,
in ariver-terrace deposit along the east side of the Columbia
River about 8 mi north of Wenatchee (fig. 1). The study area,
which covers about 150 acres, includes Lincoln Rock State
Park and the area to the south, including a subsurface cutoff
wall constructed as part of Rocky Reach Dam. Thedam is
located at river mile (RM) 473.7 and creates Lake Entiat
(fig. 1), which rangesin altitude from anormal low pool of
703 ft to anormal full pool of 707 ft (Public Utility District
No. 1 of Chelan County, 2007b). The Columbia River drainage
area upstream of Rocky Reach Dam is about 88,000 mi?
and drains parts of Washington, Idaho, and Montana;
and British Columbia, Canada. Mean discharge at Rocky
Reach Dam for the period of record (October 1961 through
September 2006) is 113,900 ft3/s with a maximum discharge
of about 535,000 ft¥s on June 10, 1961, and a minimum
daily discharge of 25,100 ft¥/s on November 11, 1973 (U.S.
Geological Survey, 2007).

The subsurface of the study area consists of coarse- and
fine-grained sediments deposited along the east side of the
ColumbiaRiver Valley on top of metamorphic bedrock. This
bedrock forms the base beneath Rocky Reach Dam and crops
out along the west bank of theriver. East of the study area,
metamorphic bedrock is overlain by Columbia River flood
basalts that form the Columbia Plateau. The topography of
the study area has low relief, with an average altitude of about



740 ft (fig. 2). Bedrock on the west and east sides of the
river steeply rises to altitudes exceeding 2,400 and 2,000 ft,
respectively, within 1 mi of the study area.

The climate of the study area exhibits characteristics of
both maritime and continental climates (National Oceanic
and Atmospheric Administration Western Regional Climate
Center, 20074). The prevailing wind direction is from the
southwest or west, which brings in the remnants of humid
air masses generated over the Pacific Ocean after their flow
has been impeded by the Cascade Range. Extreme summer
and winter temperatures occur when the wind direction shifts
to the north and east and continental air flows into the area
(National Oceanic and Atmospheric Administration Western
Regional Climate Center, 2007a). Generally, summersin
the study area are warm and dry and winters are cold and
also relatively dry. During the most recent climate-normal
period (1971-2000) at the National Weather Service climate
station in nearby Wenatchee (site 459074), the mean
monthly precipitation ranged from 0.3 in. in July to 1.5in. in
December and the mean monthly minimum and maximum
air temperatures ranged from -4.9 and 1.7°C in January,
respectively, to 16.1 and 31.0°C in July, respectively (National
Oceanic and Atmospheric Administration Western Regional
Climate Center, 2007b; fig. 3). Mean annual precipitation
was 9.1 in. and mean annual minimum and maximum air
temperatures were 5.4 and 16.9°C, respectively.

Except for irrigated lawns, shrubs, and treesin Lincoln
Rock State Park and limited additional sites, the study areais
sparsely vegetated with primarily grasses and shrubs that have
adapted to local conditions.

Previous Investigations

As part of the design process for Rocky Reach Dam in
the 1950s, geotechnical engineering surveys and hydrologic
assessments were conducted in and near the study area.
Results of thiswork near the subsurface cutoff wall (fig. 2)
were summarized by Stone and Webster Engineering
Corporation (1959) when they described the design and
construction of the subsurface cutoff wall. The feasihility of
using the Eastbank Aquifer system as a public water supply
for the Wenatchee urban area was investigated by R.W. Beck
and Associates (1973) and included an aquifer assessment by
Robinson and Noble, Inc. Subsequently, Robinson and Noble,
Inc. conducted a more detailed aquifer assessment that was
reported by CH2M Hill (1977) as part of a predesign study
of the regional water system. The study included descriptions
of the installation and testing of well RW1, the first well
of the regiona water system. CH2M Hill documented the
installation and testing of wells RW2, RW3, and Rw4 (1979;
as reported by Water & Environmental Systems Technology,
Inc., 1990) and wells CT1, CT2, CT3, and CT4 (1988). CH2M
Hill (1988) also presented results of seismic-refraction and
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Figure 3. Mean monthly precipitation and mean monthly
minimum and maximum air temperatures for the Wenatchee
climate station (site 459074), Chelan County, Washington,
1971-2000.

electrical-resistivity surveys of the Eastbank aquifer system
and parts of a draft report dated 1987 that included detailed
hydrogeologic cross sections of the system (appendix 1).
Water & Environmental Systems Technology, Inc.
(1990) analyzed the feasihility of using the Eastbank Aquifer
system as a source of water for the Eastbank Hatchery
over the long term by considering both the availability and
temperature of ground water. As part of this analysis, they
developed numerical ground-water models to help evaluate
the hydrologic and thermal conditions of the ground-water
system in 1989-90 and possible future conditions. The first of
these models was a finite-difference ground-water flow model,
MODFLOW (McDonald and Harbaugh, 1988), that was used
to verify the conceptual model of the flow system and refine
aquifer properties. The second model was a finite-element
model, CFEST (Gupta and others, 1987), that was used to
assess hydrologic and thermal conditionsin 1989-90 and
evaluate possible future conditions for different combinations
of river temperature and seasonal pumping. Water &
Environmental Systems Technology, Inc. (1990) also designed
anetwork for monitoring river and aquifer water levels and
water temperatures. Data from this network collected by
the PUD since 1990 were used by Water & Environmental
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Systems Technology, Inc. to verify the previously developed
CFEST model (Water & Environmental Systems Technology,
Inc., 1998). The model was subsequently used to assess
possible impacts on the hydrologic and thermal conditions of
the Eastbank Aquifer system, assuming increased pumping

by the regional water system to accommodate a possible
expansion of the system’s service area to include East
Wenatchee (Water & Environmental Systems Technology,
Inc., 1998). The expansion of the service area and the increase
in pumping took place in 2001.

Well-Numbering System

In Washington, the USGS assigns wells identifiers that
describe their locations with respect to township, range,
section, and tract. For example, number 24N/20E-35G01
(fig. 4) indicates that the well isin township 24 North (N) and
Range 20 East (E) of the Willamette base line and meridian.
The number immediately following the hyphen indicates
the section (35) within the township; the letter following the
section gives the tract within the section, as shown in figure 4.
The two-digit sequence number (01) following the letter
indicates that the well was the first inventoried by USGS
personnel in that tract. The nominal size of asectionis 1 mi2
and the nominal size of atract is 40 acres. In the study area,
sections and tracts may deviate from their nominal sizes
because they do not have standard rectangular shapes.

WASHINGTON

Willamette
Meridian

|

Willamette Base Line

61514 SECTION 35
T |7 [D[C|B|A

. ¢ oo p 24N/20E-35601
24 M| L|K[J

b [Nlelafg]
N. | 30

B. 32|33 34|

Figure 4. Well-numbering system used in Washington.

Methods of Investigation

All available monitoring and pumping wells in the study
areawere inventoried by the USGS and their locations were
determined using a hand-held GPS unit. Altitudes of wells
were based on a survey conducted by Horton Dennis &
Associates, Inc. in 1998 (S. Dilly, written commun., 2007) and
spot-checked and expanded on by PUD surveyors. Surveyed
altitudes were reported to the nearest 0.01 ft and, for the
purpose of this study, were considered accurate to +0.05 ft.
Water levels were measured using an electrical or steel
tape that was read to the nearest 0.01 ft. Water levels were
considered accurate to +0.1 ft. Vertical temperature profiles
in wells were measured using a recently verified electrical
tape and water temperatures were read to the nearest 0.1°C.
The time of all measurements was recorded in local time,
which is either Pacific Standard Time or Pecific Daylight
Time, depending on the time of year. Continuous water
levels measured during several hours on July 18, 2007, were
made using electrical and steel tapes that had been verified
to give the same results. The times of the continuous water-
level measurements were read from cellular phones that
were verified to match the times recorded by the continuous
monitoring network run by the PUD within 1 minute.

Water-Quality Sampling Procedures

All ground-water samples, with the exception of
the sample collected from well TH4, were collected
following protocols described by Wilde (1999) in
order to ensure representative samples of ground water.
Clean-sampling protocols, as described by Wilde
and others (2002), were used to process the samples.
Sampling equipment consisted of polyethylene tubing
with Teflon® or stainless-sted fittings that were
attached to a faucet at the well head. The tubing was
then connected directly to aflow chamber to monitor
physical properties (water temperature, pH, specific
conductance, and concentrations of dissolved oxygen)
and through a splitter to provide either raw or filtered
water samples. Existing pumps were activein all wells
that were sampled except for well TH4. An equivalent
volume of purge water had already been pumped
during the previous 24 hours, therefore, the sampling
equipment was flushed with ground water and samples
were collected after ensuring that physical properties
measured in the flow chamber had stabilized. All lines
and processing equipment that came in contact with
the sample water after the point of attachment to the
well discharge structure were composed of Teflon®,
polyethylene, or stainless steel. Ground-water samples
were pumped directly through aline or afiltration
cartridge into sample bottles and samples were preserved



or stored on ice and shipped for analysis to the USGS National
Water Quality Laboratory (NWQL) in Denver, Colorado and
Pacific Analytical Laboratory in Corvallis, Oregon. Because
there was no pump in well TH4, a2-L Kemmerer® sampler
was lowered into the well to obtain a grab sample of water
from the upper 10 ft of the perforated interval. The sampler
was retrieved from the well and water was then pumped from
the Kemmerer® sampler with a peristaltic pump and processed
like al other samples. The Columbia River sample was
collected with the Kemmerer® bottle near the location labeled
RIV in figure 2. The sampler was lowered through the water
column to about 3 ft above the riverbed before the sampling
mechanism was triggered. Water from the Kemmerer®

bottle was withdrawn from the sampler using a peristaltic
pump and processed like the ground-water samples. Aseptic
techniques were used in the collection of samples for bacterial
enumeration.

Laboratory Analytical Procedures

Laboratory analyses were performed for common
ions and bacteria enumeration. Water samples for the
analysis of nitrate plus nitrite were received at the NWQL
and stored at less than 4°C prior to analysis. Samples were
analyzed for nitrate plus nitrite using a cadmium reduction-
diazotization colorimetric method described by Fishman
(1993). Samples were analyzed for chloride and sulfate using
ion chromatography (Fishman and Friedman, 1989); calcium,
magnesium, sodium, and iron were analyzed using inductively
coupled plasma (Fishman, 1993); and potassium was analyzed
using flame atomic absorption (Fishman and Friedman, 1989).
Manganese was analyzed using inductively coupled plasma
detected with a mass spectrometer (ICP/MS) (Faires, 1993).
Variability in reported concentrations due to variability in
laboratory analytical processes was expected to be less than
2 percent.

Bacterial enumerations were done using fluorescent
counting techniques (Hurst and others, 1997). Bacterial -
enumeration samples were sent to Pacific Analytical
Laboratory in Corvallis, Oregon, where enumerations were
conducted using Moleculer Probes BacLight viability and
counting stains with a fluorescent microscope. The 95-percent
confidence interval for enumerations provided by the
laboratory was about 10 percent.

Hydrogeology

The subsurface of the study area consists of
unconsolidated sedimentary layers with awide range of
hydraulic conductivities. These layers are deposited on top
of bedrock to form two aquifers separated by a confining
unit, which is absent in the northwestern part of the study

Hydrogeology 7

area. An aquifer is a hydrogeologic unit that contains
sufficient saturated permeable material to yield significant
guantities of water to wells or springs, and a confining unit
isahydrogeologic unit of distinctly less permeable material
bounding one or more aquifers. The lower aquifer, whichisin
direct contact with the Columbia River, is the source of water
for the regional water system, the Eastbank Hatchery, and
irrigation and industrial uses.

Geologic Setting

Rocky Reach Dam and the Eastbank Aquifer system are
located in a canyon incised into Late Cretaceous metamorphic
bedrock of biotite gneiss (Tabor and others, 1987). The canyon
has been eroded by the ancestral Columbia River and multiple
catastrophic outburst floods from glacial Lake Missoula during
the Pleistocene age. Estimates of the discharge of those floods
are on the order of 600 million ft¥/s (O’ Connor and Baker,
1992). Large gravel deposits have formed inside the Columbia
River valley from the accumulation of up to boulder-sized
sediments deposited by the catastrophic floods at |ocations of
channel widening or downstream of bedrock promontories,
such as Turtle Rock Island located about 1 mi northeast of
the study area (fig. 1). In the Columbia River valley south
of Wenatchee, catastrophic-flood discharges from Moses
Coulee deposited sufficient sediment to create temporary flood
backwater and a lake that deposited fine-grained, lacustrine
sediments. Cycles of catastrophic flooding and lake formation
deposited the glacio-fluvial gravels and varved clays that
make up the aquifers and confining unit, respectively, of the
Eastbank Aquifer system.

Hydrogeologic Units

Previous studies (Stone and Webster Engineering
Corporation, 1959; CH2M Hill, 1977 and 1988; and Water &
Environmental Systems Technology, Inc., 1990) determined
that at river levels following the completion of Rocky Reach
Dam, the Eastbank Aquifer system consists of two highly
permeable, sand-and-gravel aquifers separated by a confining
unit. A schematic hydrogeol ogic cross section through the
south-central part of the Eastbank Aquifer system is shown in
figure 5. In this study, the lower confined aquifer isreferred
to asthe Lower Aquifer and the upper unconfined aquifer is
referred to as the Upper Aquifer. Previous studies have used
different names and terminology for the hydrogeol ogic units
(table 1). The confining unit, which consists of varved clays
and isreferred to as the Clay Confining Unit in this study,
generaly thins towards the north, west, and east and is absent
in the northwestern part of the study area (fig. 6; Water &
Environmental Systems Technology, Inc., 1990). Where the
Clay Confining Unit is absent, the Lower and Upper Aquifers
merge to form the Combined Aquifer, which is unconfined.
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Figure 5. Schematic hydrogeologic cross section through the south-central part of the Eastbank Aquifer system, Douglas County,

Washington.
Table 1. Hydrogeologic-unit names and terminology used in this study and previous studies, Easthank Aquifer system, Douglas County,
Washington.
[ not named]

Hydrogeologic unit Source

Lower Aquifer Upper Aquifer  Combined Aquifer Clay Confining Unit ~ This study
Eastbank Aquifer - Eastbank Aquifer Water & Environmental Systems Technology, Inc. (1990)
deep aquifer shallow aquifer combined aquifer ~ aquitard CH2M Hill (1988)

The Eastbank Aquifer system lies on top of crystalline
bedrock, which has an undulating surface as shown in
figure 7 (Water & Environmental Systems Technology, Inc.,
1990). Near the RW wells near the center of the study ares,
the altitude of the top of the bedrock isless than 340 ft.
Thisislower than approximated on the hydrogeol ogic cross
sections by CH2M Hill (1988; appendix 1) but is based on
interpretations of seismic-refraction data reported by CH2M
Hill (1988). Water & Environmental Systems Technology, Inc.
(1990) relied on indirect methods to estimate the altitude of
the top of bedrock near the center of the study area because
none of the RW wellswas drilled to bedrock. It is estimated
that there may be up to about 200 ft of sedimentary material
about which little is known between the bottom of the RwW
wells and the top of bedrock (appendix 1). In the eastern part
of the study area bedrock is shallower and truncates the L ower
Aquifer. Water & Environmental Systems Technology, Inc.
(1990) cautions, however, that well coverage in the eastern
part of the study areais sparse and thus the interpretation of
the subsurface is less certain. The resulting thickness of the

Lower Aquifer in the study area, including the Combined
Aquifer, ranges from 0 ft to more than 300 ft (fig. 8; Water &
Environmental Systems Technology, Inc., 1990). It is not
known how far north the Lower Aquifer extends beyond the
study area.

During construction of Rocky Reach Dam, Stone and
Webster Engineering Corporation (1959) determined on the
basis of adye-tracer study that the hydraulic conductivities
of the Lower Aquifer near the subsurface cutoff wall are on
the order of 14,000 to 22,000 ft/d. Hydraulic conductivity is
ameasure of the ease with which water can move through a
material. The horizontal hydraulic conductivity of an aquifer is
related to the transmissivity of an aquifer according to

T=K,b, (@D}
where

T is transmissivity, in feet squared per day,
K, is horizontal hydraulic conductivity, in feet per
day, and
b is thickness of the aquifer, in feet.
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Transmissivity is defined as the volume of water per unit time
that will flow through a unit width of an aquifer perpendicular
to the flow direction in response to a unit hydraulic head
gradient. Another important aquifer parameter, the storativity,
is defined as the volume of water an aquifer releases from, or
takes into, storage per unit area of aquifer per unit changein
head. Transmissivities and storativities of the Lower Aquifer
calculated from aquifer tests performed between 1973 and
1990 in different parts of the study arearanged from 37,000
to 1.7 million ft¥d and from 0.0021 to 0.12, respectively
(table 2). Results from aquifer tests of the CT well field (wells
CT1, CT2, CT3, and CT4) described by CH2M Hill (1988)
are not included in table 2 because they were reported as
apparent transmissivities and storativities due to interference
of the aquifer tests by intermittent pumping by the regional
water system and other complications. The transmissivities
and storativities of the Lower Aquifer indicatethat itisa
highly permeable, leaky confined aquifer with recharge
entering the aquifer primarily from the Columbia River
(Water & Environmental Systems Technology, Inc., 1990).

In anumerical model of the Eastbank Aquifer system, Water
& Environmental Systems Technology, Inc. (1990) achieved
the best results by simulating hydraulic conductivitiesin

the Lower and Upper Aquifers of 9,500 and 6,700 ft/d,
respectively.

Hydrologic and Thermal Conditions of the Easthank Aquifer System near Rocky Reach Dam, Washington

The interpretation of the hydrogeologic framework of
the Eastbank Aquifer system in previous studiesis based
primarily on lithologic and geophysical logs of wells and
borings. Although many well logs were available for usein
this study, a significant number were not available and either
no information was known about certain wells or only limited
information was known from descriptions by previous studies.
To learn more about these wells and also to ascertain the
condition of all accessible wells currently (2008) in the study
area, downhole-camera surveys and natural-gamma logs were
made of selected wellsin December 2007. A description of
the downhole-camera surveysisincluded in_appendix 2 and
the natural-gamma logs are included in appendix 3. Several
wells that existed when previous studies were conducted have
since been abandoned or destroyed and were not availablein
this study. Wells that are currently (2008) in the study area
and the hydrogeol ogic units the wells are open to are shown in
figure 9; known information for these wells is summarized in
table 3.

Table 2. Transmissivities and storativities of the Lower Aquifer, Eastbank Aquifer system, Douglas County, Washington.

[Locations of wells are shown in figure 2. Abbreviations: ft?/d, foot squared per day; —, not available]

Transmissivity (ft2/d)

Storativity (dimensionless)

General area Final Final Source
Range estimate Range estimate
South of well CD47 and north  470,000-1,200,000 670,000 - — Robinson and Noble, Inc. (as reported by
of subsurface grout wall R.W. Beck and Associates, 1973)
North of well CD47 500,000-1,700,000 630,000 0.0021-0.0054 0.0032 Robinson and Noble, Inc. (as reported by
CH2M Hill, 1977)
RW well field (wells Rw1, 250,000-380,000 320,000 0.021-0.12 0.06 CH2M Hill (1979; ranges as reported by
RW2, RW3, and RW4) Water & Environmental Systems Technology,
Inc., 1990; final estimates as reported by
CH2M Hill, 1988)
Entire study area north of 37,000-650,000 - 0.007-0.095 - Water & Environmental Systems Technology,

subsurface grout wall

Inc. (1990)
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Hydrology

The Lower Aquifer of the Eastbank Aquifer system has
been used as a water source for the Eastbank Hatchery and the
regional water system since the 1980s. Historical water-level
and water-temperature data and water-quality data collected
in 2007 were analyzed to evaluate how pumping of the Lower
Aquifer has affected its hydrologic and thermal conditions.
The source of the historical data is a monitoring network
operated by the PUD (fig. 10) that has measured hourly water
levels and temperaturesin 12 wellsand 1 river site from 1990
to the present (2008). The network was designed by Water &
Environmental Systems Technology, Inc. (1990) as part of
along-term aquifer test that was completed in 1990. The
continuous records from January 1991 through August 2007
were used in this study.

Aquifer Conditions Before and After
Construction of Rocky Reach Dam

Prior to the construction of Rocky Reach Dam, when the
Columbia River was a free-flowing river in the study area,
the natural low water level of the river was 610 ft (Stone and
Webster Engineering Corporation, 1959). The water level in
the Lower Aquifer was likely similar to theriver level, so the
Lower Aquifer was probably largely unconfined and only
partially saturated (fig. 5). The Upper Aquifer is presumed to
have been unsaturated entirely, except for a possible seasonal,
perched unconfined aquifer above the Clay Confining Unit.
Once construction of Rocky Reach Dam was completed and
the hydroel ectric project became operational in 1961, the
natural water level was raised by almost 100 ft to normal pool
levels ranging from 703 to 707 ft (Public Utility District No. 1
of Chelan County, 2007b). Thisraised the water level in the
Eastbank Aquifer system such that the Lower Aquifer became
confined and the Upper Aquifer became partially saturated
to form an unconfined aquifer (fig. 5). Water levelsare
maintained in the Upper and Lower Aquifers by the subsurface
cutoff wall that extends to bedrock. Thiswall consists of a
clay curtain across the Upper Aquifer and a grout curtain
across the Lower Aquifer. Ground water that seeps through
the subsurface cutoff wall from the Lower and Upper Aquifers
is captured by drains and flows through the North and South
Weirs (fig. 2). Seepage around and through the subsurface
cutoff wall likely is not all captured by the drains (G. Yow,
Public Utility District No. 1 of Chelan County, written
commun., 2008).

Potentiometric-surface maps of the Lower Aquifer prior
to the construction of Rocky Reach Dam, which show the
altitude at which water levels would have stood in tightly
cased wells, were not available for this study. However, in
July 1977, prior to pumping of the Eastbank Aquifer system

by the regional water system and the Eastbank Hatchery,
and years following the decline of ground-water levelsto
facilitate dam construction, Robinson and Noble, Inc. (as
reported by CH2M Hill, 1977) prepared a potentiometric-
surface map of the Lower and Combined Aquifers (fig. 11).
This map demonstrates that prior to extensive pumping of
the aquifer system, water levelsin the Lower and Combined
Aquifers were lower than the water level in theriver, and the
primary ground-water flow direction generally was parallel
to the river from northeast to southwest (fig. 11). The sparse
water-level data also support an alternative interpretation

of amore dominant ground-water flow component from

the west-northwest along the western extent of the Lower
and Combined Aquifersthan shown in figure 11. The
interpretation shown in figure 11 is reasonable, however. The
potentiometric surface shown in figure 11 can be considered
amap of post-dam, pre-development water levels, as it
represents static water levels prior to the start of extensive,
approximately continuous pumping of the Eastbank Aquifer
system since 1983.

Sources of Ground-Water Recharge and
Discharge

The sources of ground-water recharge to the Eastbank
Aquifer system are flow from the Columbia River, recharge
from precipitation, and recharge from irrigation. The mean
annual recharge from precipitation is small, because the
mean annual precipitation isonly 9.1 in. and potential
evapotranspiration is large (the mean annual reference
evapotranspiration is44.5 in. at AgriMet weather station
MASW in Manson, Washington, located about 25 mi north-
northeast of the study area[Bureau of Reclamation, 2008]).
In a ground-water recharge study of the Yakima River basin,
about 75 mi south of the study area, Vaccaro and Olsen
(2007) estimated mean annua ground-water recharge rates
of lessthan 0.5 in. in parts of the lower basin with similar
mean annual precipitation and temperatures as the study area
and with similarly short vegetation. A regression equation
developed by Bauer and Vaccaro (1990) for estimating
recharge to the Columbia Plateau regional aguifer system,
which islocated just to the east of the study area, was used to
estimate a mean annual recharge of 0.65 in. to the Eastbank
Aquifer system. However, because the study area has thin to
no soils and because the surficial geology consists of very
coarse gravels, mean annual recharge may be larger. In the
northern part of the U.S. Department of Energy Hanford Site,
about 80 mi south-southeast of the study area, Bauer and
Vaccaro (1990) simulated mean annual recharge from 23 to
39 percent of precipitation with a median of 35 percent of
precipitation in areas with coarse sediments and no vegetation
(J. Vaccaro, U.S. Geological Survey, written commun., 2008).
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Figure 11. Potentiometric surface of the Lower and Combined Aquifers for post-dam, predevelopment conditions,

Eastbank Aquifer system, Douglas County, Washington, 8:30 a.m., July 19, 1977. Well LR1 was called well CD46 in 1977.



The median percentage applied to the study arearesultsin a
mean annual recharge of 3.2 in. However, because there is
vegetation in the study area, actual recharge from precipitation
islikely lessthan 3.2 in. Irrigation is limited to lawn, shrub,
and treeirrigation in small parts of the study areaand is
considered a negligible source of recharge. Thus, the only
significant source of recharge to the Eastbank Aquifer system
isthe Columbia River.

Current (2008) sources of ground-water discharge from
the Eastbank Aquifer system are ground-water pumping from
the Lower Aquifer and ground-water seepage around and
through the subsurface cutoff wall. Although ground-water
discharge from the Lower Aquifer to the Columbia River may
have been significant prior to the construction of Rocky Reach
Dam, it is presumed to be currently (2008) non-existent.

Historical Ground-Water Discharge

After the completion of Rocky Reach Damin 1961 and
the complete and partial saturation of the Lower and Upper
Aquifers, respectively, the Eastbank Aquifer system was not
used as a significant resource until 1983, when the regional
water system came on-line. This was followed by use of the
aquifer system by the Eastbank Hatchery, which started in
1989. (Lincoln Rock State Park, which uses the Eastbank
Aquifer system for limited irrigation, started pumping ground
water sometime after an agreement was signed with the PUD
in April 1980.) In addition to ground-water pumping, ground
water also has been removed from the aquifer system by
seepage around and through the subsurface cutoff wall.

A history of ground-water pumping was reconstructed
using daily flow-meter records for the RW wells provided by
the City of Wenatchee (M. Cockrum, written commun., 2007)
and seasonal records for the CT and LR wells provided by the
Eastbank Hatchery and PUD, respectively (S. Dilly, Public
Utility District No. 1 of Chelan County, written commun.,
2007). Mostly semi-annual records of discharge through the
North and South Weirs, representing seepage through the
subsurface cutoff wall, were provided by the PUD (1. Adams,
written commun., 2007).

Ground-Water Pumpage

The annual mean pumpage from the RW well field was
computed from 1990 through 2006 based on records provided
by the City of Wenatchee (M. Cockrum, written commun.,
2007; fig. 12A) for yearswith at least 11 months of data. From
1990 through 2000, annual mean pumpage was relatively
constant, with amean annual pumpage of 10.7 ft¥s. In 2001,
the service area of the regional water system was expanded to
include the City of East Wenatchee and pumpage increased
about 40 percent to a mean annual pumpage of 15.0 ft¥/s
from 2002 through 2006, excluding 2003. A breakdown of
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pumpage into quarterly mean pumpage by the RW well field
shows that regional water system pumpage islargest in the
summer (July—September) and generally smallest in the winter
(January—March; fig. 12B). Quarterly pumpage is only shown
for quarters with 3 months of data.

The annua mean pumpage from the CT well field was
computed from 1991 through 2006 using data provided by the
Eastbank Hatchery, including seasonal estimates of pumpage
and run-time information for the wells (S. Dilly, Public Utility
District No. 1 of Chelan County, written commun., 2007;
fig. 12A). Data conflicted for part of 1998. Data available
initially indicated an annual pumpage of 42.0 ft¥s and data
available later indicated an annual pumpage of 43.2 ft¥/s.
Theinitial datawere used in this study and are shown in
figure 12. Over the years, the hatchery used different methods
to estimate pumpage from the CT well field. Prior to 1999,
pumpage estimates were based on the run time and nominal
pumping rate of each CT well, which is 12.5 ft¥/s. From 1999
until November 10, 2001, pumpage estimates were based on
flow measurements over damboards at the end of hatchery
ponds, and from November 10, 2001 through 2005, pumpage
was measured by a flow meter. Based on the available data,
it appears that by 2006, pumpage was again estimated based
on the run time and nominal pumping rate of each CT well.
The mean annual pumpage from 1999 through 2001, which
was almost entirely based on damboard measurements, was
36 percent less than the mean annual pumpage during the
10-year period including 1994 through 1998 and 2002 through
2006 (26.7 ft3/s versus 41.4 ft¥/s, respectively). Because there
was no known change in operations of the hatchery between
1999 and 2001 (S. Dilly, Public Utility District No. 1 of
Chelan County, oral commun., 2007), the pumpage estimates
based on damboard measurements were assumed to be in
error. Instead, new pumpage estimates were computed based
on the run time and nominal pumping rate of each CT well.
Thisincreased the estimate of mean annual pumpage from
1999 through 2001 by 41 percent to 37.6 ft¥/s (fig. 12).

Theinformation provided by the Eastbank Hatchery
notes that around the time the flowmeter was installed in late
2001, wells of the CT well field received maintenance that
increased the peak capacity of the well field by about 5 ft¥/s
and restored the well field to close to its nominal capacity
of 50 ft3/s. The maximum pumpage from the CT well field
prior to well maintenance was reported to be 43 ft¥/s, but it is
not known how long the wells had been pumping at reduced
capacity. The maximum pumpage from the CT well field
measured by the flow meter was 48.5 ft¥/sin 2003 and 47 ft¥/s
from 2004 through 2005. This information indicates that
pumpage estimates for the CT well field based on the run time
and nominal pumping rate of individual wells may be too high
by as much as about 15 percent prior to 2002 and by as much
as about 6 percent in 2006. The percentage of overestimation
of pumpage prior to 2002 would depend on how long the CT
wells had been pumping at reduced capacity.
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A breakdown of pumpage from the CT well field into
quarterly mean pumpage (fig. 12C) and quarterly pumpage
as afraction of annual pumpage (fig. 12D) shows that the
seasonal pumpage pattern has changed over time. Since 1994,
summer (July—September) pumpage generally has increased,
although the annual mean pumpage has remained relatively
constant and increases expressed as a fraction of annual
pumpage (fig. 12D) generally occurred prior to 1999. Winter
(January—March) pumpage generally decreased from 1994
until about 2002. Starting in 2001, summer pumpage exceeded
winter pumpage, except in 2006. From 1999 through 2006, the
overall seasonal pumpage patterns were relatively stable. The
seasonal pumpage patterns of the CT well field differ from
the RW well field because pumpage from the CT well field is
determined by fish-production needs of the Eastbank Hatchery
and pumpage from the RW well field is determined by public-
supply needs. In 2006, the mean annual pumpage from the CT
and RW well fields was about 43 and 16 ft¥s, respectively.

Other well fields in the study area are the SW and LR
well fields, and pumpage from these well fieldsis negligible
compared to pumpage from the RW and CT well fields. The
original purpose of the SW well field was to lower ground-
water levels during construction of Rocky Reach Dam. Since
completion of the dam, two wells of the SW well field (SW13
and SW14) have continued to be pumped at a combined rate
of about 80 gal/min or about 0.2 ft¥/s to lubricate turbines
at Rocky Reach Dam and one well, SW11, has been used
seasonally to irrigate small parts of the study area. Pumpage
from the SW11 well is unknown but it is assumed to be
negligible. The LR well field provides water for irrigation of
Lincoln Rock State Park. The well field has been in operation
since about 1980 and the wells are pumped severa hours
per day for about 6 months per year. Pumpage data for 2004
through 2006 (S. Dilly, Public Utility District No. 1 of Chelan
County, written commun., 2007) show that the mean annual
pumpage from the LR well field isabout 0.14 ft¥/s. It is
assumed that mean annual pumpage has remained relatively
constant from the LR well field since the start of its operation
and from the SW well field since the start of its use for
irrigation and turbine [ubrication.

Ground-Water Seepage Through the Subsurface
Cutoff Wall

Ground-water seepage through the subsurface cutoff
wall that was captured by drains has been measured in the
North and South Weirs since July 1, 1977 (1. Adams, Public
Utility District No. 1 of Chelan County, written commun.,
2007; fig. 13). Weir stage is recorded by a strip-chart recorder
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and converted to discharge using the stage-discharge rating
curve for the weir. Prior to 1989, weir discharge was recorded
monthly and starting in 1989, weir discharge was mostly
recorded semi-annually. Other than a note indicating that

the weirs were recalibrated sometime between late 2001 and
late 2002, the only other historical calibration information
available to this study was from K. deRubertis and others
(written commun., 2007) stating that measurements made

on February 24, 2006, correlated with the recorded values.

At 8:43 am. on July 17, 2007, measured stage of the water

in the box of the North Weir was 0.36 ft and recorded stage
was 0.335 ft. These values are close (within 7 percent of each
other) and so both the North and South Weirs were assumed to
be accurately recording weir stage. A more detailed analysis
of the weir recordings was beyond the scope of this study.

Seepage from the Lower Aquifer is assumed to flow
through the North Weir and seepage from the Upper Aquifer
is assumed to flow through the South Weir. This assumption
is based on the significant decrease in discharge that occurred
in the North Weir after October 1987 (fig. 13) that coincided
with the installation of the CT well field. No other information
is available to support this assumption and it is possible each
weir captured a combination of seepage from the Lower and
Upper Aquifers.

Mean discharges in the North Weir were 5.4 ft3/s from
July 1977 through October 1987 and 3.1 ft¥/s from November
1987 through December 1998. This means that the long-term
mean seepage from the Lower Aquifer through the subsurface
cutoff wall decreased by 2.3 ft¥/s or 43 percent. In contrast,
discharge in the South Weir, and thus seepage from the Upper
Aquifer through the subsurface cutoff wall, was relatively
constant during the same time period, showing an increase of
0.7 ft¥/s or about 13 percent, from 5.4 to 6.1 ft¥/s.

Thefirst wells of the CT well field were completed in
November 1987, followed by CT3 in December 1987 and CT4
in January 1988 (table 3). Even though the Eastbank Hatchery
did not become operational until July 1989 and expanded to
full operations by about November 1989 (I. Adams, Public
Utility District No. 1 of Chelan County, written commun.,
2008), it is postulated that the CT well field started pumping
as soon as wellswere installed and that this explains the
decrease in seepage from the Lower Aquifer.

From 2004 through 2006, the mean total discharge
through the North and South Weirs was 8.4 ft¥/s. Thisindicates
that from 2004 through 2006, the mean annual ground-water
pumpage from the Eastbank Aquifer system was about seven
times the measured portion of the mean annual ground-water
seepage through the subsurface cutoff wall.
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Figure 13.

Historical Ground- and Surface-Water Levels

Water levels have been measured hourly in 12 wells and
1 river site by the PUD since 1990 (fig. 10) for the purpose
of monitoring hydrologic conditions of the Eastbank Aquifer
system. Daily means of the hourly water levels for January 1,
1991 through September 30, 2006, are shown in figure 14. In
addition to the continuous, hourly measurements, occasional
manual water-level measurements have been made to verify
the continuous measurements.

Reliability of Historical Water-Level
Measurements

The historical hourly water levels have been measured
using sealed probes that measure both water levels and water
temperature (see Water & Environmental Systems Technology,
Inc., 1990, for a detailed description of the instrumentation).
Because the probes are not vented to the atmosphere, changes

Instantaneous discharge through the North and South Weirs and total instantaneous discharge, Eastbank
Aquifer System, Douglas County, Washington, 1977-2006.

in atmospheric pressure are recorded as apparent changesin
water levels, even if the actual water levels did not change
in response to changes in atmospheric pressure. Without
corrections for atmospheric effects, errors between actual
and recorded water levels by non-vented probes may be on
the order of inchesto feet (Wardwell, 2007). Other sources
of error in the recorded water-level data are instrument
drift, possible incomplete information about the timing of
probe replacements, and noise that resulted from spliced
transmission cables that had to be repaired. Probes were
replaced in case of obvious instrument failure (D. Davies,
Public Utility District No. 1 of Chelan County, oral commun.,
2007).

To be able to correct for instrument drift and other
possible sources of error, manual water-level verification
measurements are needed at regular interval s throughout
the year for comparison to recorded water levels. The first
water-level verification measurements since the start of the
monitoring network in 1990 known to this study were made
in July 1998, when the monitoring network was recalibrated.
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Thisrecalibration resulted in significant shiftsin some
recorded water levels at that time (fig. 14). (Suddenrisesin
water levels during the spring of the mid-1990s correspond
to seasonal reductions in pumping by the CT wells.) The next
known verification measurements were made in February,
2006 (K. deRubertis and others, written commun., 2007)
followed by periodic measurements made by this study from
July 2007 through January 2008. Differences between water
levels measured manually in February 2006 (K. deRubertis
and others, written commun., 2007) and July 2007 and those
recorded by the monitoring network are summarized in
table 4. Other than the outlier of 9.51 ft, the differencesin
the measurements range from -2.39 to 3.39 ft. Because few
verification measurements have been made over the period
of record of the monitoring network, thereis significant
uncertainty in the historical continuous water-level data.

To evaluate the accuracy of the long-term record of the
river probe (RIV infig. 14), river water levels measured by
the monitoring network were compared to river water levels
recorded by USGS gaging station 12453679 (period of record

Table 4. Differences between water levels measured manually
and those recorded by the monitoring network, Eastbank Aquifer
system, Douglas County, Washington, February 2006 and July
2007.

[Locations of wells are shown in figure 2. USGS well no.: See figure 4 for
explanation of well-numbering system. Latitudes and longitudes of the wells
are on file with the U.S. Geological Survey. Difference between manually
measured and recorded water levels: negative values indicate that manually
measured water levels are lower than recorded water levels, and positive
values indicate that they are higher. February 6-8, 2006: Values computed
from data provided by K. deRubertis and others (written commun., 2007).
July 18, 2007: Values are medians of differences computed from multiple
measurements between 11:00 a.m. and 3:30 p.m., Pecific Daylight Time.
Abbreviations: USGS, U.S. Geological Survey; —, not available]

Difference between manually

measured and recorded water

Local USGS

well name well No. levels (feet)
February 6-8, 2006 July 18, 2007

CDS8 24N/20E-35R01 0.01 2.57
CD10 24N/20E-35Q01 -2.39 3.39
CD47 24N/20E-35Q02 4 1.22
CT3 24N/20E-35Q03 72 .79
LR2-W 24N/20E-35H02 53 -

TH1 24N/20E-35K 05 - -

TH4 24N/20E-35K 02 9.51 1.96
TH5 24N/20E-35G01 v 1.30
TH6 24N/20E-35G02 -.08 -.29
TH7 24N/20E-35K 01 .66 1.07
THS8 24N/20E-35K 04 -.36 42
TH9 24N/20E-35K 03 .23 1.08

July 25, 1975 to the present [2008]). The gaging station is
located along the west bank of the river at the forebay of
Rocky Reach D